To determine the effect of forage moisture content on intake and digestion kinetics in sheep, a metabolism trial was conducted using 16 mature wethers (44 kg BW) in a completely randomized design. Forage was harvested at two maturities in early spring from a naturalized pasture composed of temperate grass and legume species. Herbage was harvested at either 8 (early) or 16 cm (late) in height and fed after freezing (high-moisture) or as a dried hay. Intakes of DM (grams/ [kilogram BW.75.dayl), NDF, ADF, and CP (grams/ day) ( P < .05) and coefficients for DM, NDF, and ADF digestibilities were greater ( P < .01) for hay than for high-moisture forage. Mean particulate retention times (MRT) were shorter ( P < .05) for high-moisture forage (23.3 h ) than for hay (30.7 h ) diets. Earlyharvested forages had shorter ( P < .05) MRT values (23.9 h ) than late-cut forages (30.1 h). Fractional passage rates of l-mm nylon particles of specific gravity ( S G ) .90, 1.14, and 1.32 through the alimentary tract were influenced by moisture content of the forage ( P < .lo) and were faster for frozen forages and increased ( P < .01) with an increase in SG. Nitrogen retention was greater ( P < .01) for the hay than for the high-moisture forage. In situ DM digestion rates, determined using four ruminally fistulated wethers, showed no differences ( P = .67) among forages. The results of this study indicate that differences in digestibilities between hays and high-moisture forages are most likely due to differences in digesta passage rates.
Introduction
High-moisture herbages from cool-season pastures provide a major source of nutrients for ruminants. Based on chemical composition of the forage (Bryan and Prigge, 19931 , performance of cattle grazing early in the growing season is less than expected. Decreased DM intake (Arnold, 1962; Butris and Phillips, 1987) and digestibility (Yoelao et al., 1970; Grant et al., 1974) has been observed for high-moisture (< 22% DM) as opposed t o dryer forages. According to Van Soest (1982) , digestibility in ruminants is a function of competition between digestion and passage rates. Consequently, the influence of forage moisture content on passage of digesta and passage rates of particles of various specific gravities ( SG) through the digestive tract could give insight into decreased digestibilities J. h i m . Sci.
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and intakes observed for high-moisture, high-quality forages. The objective of this research was t o study the influence of moisture content and maturity of spring forages on intake and digestibility by sheep. The relationship between these variables and digesta passage and passage of nylon particles of several SG was examined.
Materials and Methods
Digestion and Metabolism Trial. Herbage was mechanically harvested with a rotary mower from an area used for grazing in previous years. The pasture, as determined by hand separation, consisted on a DM basis of 87% grass (predominantly Kentucky bluegrass [Poa pratensisl, orchardgrass [Dactylis glomerata] , and meadow fescue [Festuca pratensisl) , 2% 
legume (mainly white clover [Trifolium repensl), 6%
weeds, and 5% dead material. The forage was harvested at 8 (early) and 16 cm (late) on April 17 and May 6, respectively. For each harvest, six (1,000 m2) areas uniform in botanical composition were cut with a rotary mower in the spring of 1991 before they were grazed. Two-thirds of each area was randomly selected to be harvested at 8 cm and one-third of the area at 16 cm. The harvested forage was bagged in 15-kg plastic bags in the field and alternate bags (within 2 h of harvesting) were either stored frozen ( -20°C ) or forage was removed from the bags and placed in walk-in forced-air drying rooms at 63°C for 96 h. The dried forage subsequently was stored indoors in 23-kg air-pervious bags. The four treatments used in this study were high-moisture and dried herbage ( h a y ) harvested at 8 cm or 16 cm in height.
Sixteen mature crossbred wether sheep averaging 44.0 kg were used for the feeding trial. Before the trial the wethers were grazed on Kentucky bluegrass/white clover pasture with limited forage availability. They were sheared and treated for internal parasites with Ivomec@ (Merck Agvet, Rahway, N J ) upon removal from pasture. The wethers were weighed, without overnight feed restriction, at the beginning and end of the experiment. The wethers were placed in individual stainless steel metabolism crates in an environmentally controlled facility with temperature maintained above 20°C and 14 h of lighVd. They were fed a medium-quality grass hay for 3 d before the start of the experimental regimen. Four wethers were randomly assigned to each diet. The experimental period consisted of a 9-d adaptation period followed by a 5-d ruminal kinetics/collection period. Animal care procedures were approved by the University Animal Care and Use Committee and met the criteria outlined in the Consortium (1988) publication.
Forages were offered three times per day (0800, 1400, and 2000) for ad libitum intake. Refusal rate was 10 to 15%. The frozen forages were thawed at room temperature for 6 to 12 h before they were offered. Water and trace mineralized salt3 were provided free-choice throughout the experiment. Feed intake was recorded on d 9 through 13 of the trial. Forage and orts samples were collected at each feeding, dried at 65"C, ground through a l-mm screen of a Wiley mill (Thomas Scientific, Swedesboro, NJ), and stored in air-tight containers until further analyses. From d 10 to 14 of the experiment, feces and urine were collected daily. During the collection period, total wet feces were weighed daily and a 10% subsample was collected, stored at 5"C, composited by wether over the collection period, dried, and ground as described previously for forage and orts samples. Dry matter (AOAC, 1984) was determined on diet, orts, and fecal samples. Urine was collected in plastic bottles to which 100 mL of 4 N HC1 was added each day to prevent ammonia volume was recorded daily composited by wether over stored at 5°C. Neutral detergent fiber and ADF concentrations in forage, feces, and orts samples were analyzed nonsequentially by the procedures of Goering and Van Soest (1970) . Neither decalin nor sodium sulfite was used for the NDF procedure. The Kjeldahl procedure (AOAC, 1984) was used to analyze N in forage, orts, urine, and fecal samples.
Ytterbium-marked hay (YbC13) was used as a marker to determine particulate retention times. A dry forage sample harvested at each height was labeled with ytterbium by a modified version of the immersion technique (Varga and Prigge, 1982) . Samples of dried hay were soaked for 48 h in YbC13 solution (2.5 g of YbCldL) at a ratio of 20 mL of marker solutiodg of hay, rinsed three times with an equal volume of deionizeddistilled water, soaked for 1 h in acetic acid solution (150 mM, pH 2.0, Puoli et al., 199 l) , rinsed three times with deionizeddistilled water, and dried in a forced-air oven at 65°C for 24 h. All labeling procedures were performed in polyethylene containers.
To estimate the retention time of particles of different densities in the gastrointestinal tract, cylindrical nylon particles (E. S. & A. C. Whiting Co., Burlington, VT) with length and diameter of 1 mm and densities of .90, 1.14, and 1.32 g/cm3 (800 particles of each density) were used. These particles were color-coded according t o their density and packed in gelatin capsules (#12, Torpac Limited, New York) for oral dosing.
On d 10 of the trial, orts were removed from feeders at 0700. Wethers were offered 8 g of Yb-labeled hay at 0800 before feeding experimental diets, and two gelatin capsules containing nylon particles were dosed to each wether using a balling gun. Wethers ate the labeled hay voluntarily and then were offered their regular diets within .5 h of consuming the labeled hay. Fecal output was measured, mixed thoroughly, and sampled at 6, 12, 18, 24, 36, 48, 60, 72, 96 , and 120 h after dosing for Yb and nylon particle analyses. Ytterbium was extracted from the dried feces with EDTA (Hart and Polan, 1984) and concentration was determined by atomic absorption spectrophotometry (5000, Perkin-Elmer, Norwalk, CT) using a nitrous oxide-acetylene flame. Rate of particle passage from the mixing pools within the gastrointestinal tract was estimated using cumulative recovery of the marker (Yb) from feces and fitting the data to the first-order equation:
where Y ( t ) = cumulative Yb recovery in the feces at time t; A = maximum mass of Yb recovered, generally equal to dose; B = scaling factor, which is dependent on transit time delay and k, (if delay = 0 then B = A); and k, = fractional rate constant for mixing pools within the gastrointestinal tract. Mean retention times were calculated as the reciprocals of particulate fractional rate constants (Pond and Ellis, 1988 ).
Non-mixing transit time delay (intestinal transit time, IT) was calculated by rearranging the first-order equation as follows:
where IT = time of first appearance of marker in the feces (i.e., time when Y ( t ) = 0).
To count inert nylon particles, triplicate 20-g fresh fecal samples from each wether, collected at each time, were placed in a blender with 800 mL of water. The blender was run at a medium speed for 60 s. Blender contents were strained through two layers of cheesecloth (grade 40) and nylon particles were counted manually. The rate of passage of inert particles was calculated from the cumulative recovery curve of nylon particles in the feces using the following first-order kinetic equation:
where N( t ) = percentage of nylon particles recovered in feces at time t; A = 100; B = scaling factor dependent on transit time delay and k,; k, = fractional rate constant for nylon particle passage.
The data were analyzed as a 2 x 2 factorial arrangement of treatments in a completely randomized design using GLM procedures (SAS, 1985) . Wethers within treatment was the source of variation. Interactions were considered to be non-significant when P > .lo.
Rate and Extent of Dry Matter Disappearance. The rate and extent of DM disappearance for the four diets were measured by an in situ Dacron-bag technique. Bags (#510B, Ankom Company, Fairport, NY) had an average pore size of 54 pm. The frozen forage was ground with dry ice through a 4-mm screen of a Wiley mill. The hay was ground (4-mm screen) without the dry ice. Approximately .5 g of forage were weighed into 5-x 10-cm Dacron bags (Uden and Van Soest, 1984) . Bags containing high-moisture forage were stored at -5°C until used. Four ruminally fistulated mature, crossbred wethers (70 kg) were used to incubate the bags. The wethers were fitted with flexible ruminal cannulas with 7.5-cm i.d. (Bar Diamond, Parma, ID) approximately 2 yr prior to the initiation of this study. All surgical procedures and care were approved by the University Animal Care and Use Committee and met the criteria outlined in the Consortium (1988) publication. Two wethers were fed high-moisture forage and two fed dried forage prepared from the same material. This forage was harvested from a single naturalized pasture in the spring and was similar in species composition to forage fed in Exp. 1.
One bag of each forage type (high-moisture and dry; early and late) was used for each incubation time in each wether. They were tied with nylon string, attached to 30-g weights, and suspended in the ventral sac of the rumen. Incubation times were 0, 3, 6, 9, 12, 24, 48, and 72 h. After removal from the wethers, bags were rinsed three times with tap water and then three times with distilled water. The bags were dried in a 100°C forced-air oven for 48 h and weighed. Rates of disappearance of the potentially available DM fraction were estimated using the firstorder kinetic equation:
where Y ( t ) = proportion of DM remaining at time t; A = scaling factor, dependent on lag time and kd; B = indigestible residue; kd = fractional rate constant for DM disappearance. Lag time (lag) was calculated by rearranging the first-order kinetic equation (Mertens, 1977) as follows:
where W = DM available after washing (without incubation) at 0 h and y(t = lag) = W.
The in situ experiment was analyzed as a split-plot design in which wether was the experimental unit for forage moisture level (high-moisture or hay) and bag within wether was the experimental unit for time (early or late) using the GLM procedures (SAS, 1985) . Probability values greater than .10 were considered to be insignificant.
Estimation of Dry Matter Digestibility. To assess whether the magnitude of change in in vivo DM digestibility could be due to passage rate of the digesta, dry matter digestibility was estimated using the following equation (0rskov and McDonald, 1979): where P = estimated DM digestibility, a = DM disappearance during washing (without incubation) at 0 h, b = potentially digestible fraction determined in the in situ study (not including a ) , & = fractional rate of digestion estimated by the in situ study, Kp = fractional rate of particulate passage estimated in the in vivo study. When a lag time was observed in the in situ DM disappearance, the potentially digestible fraction was adjusted ( b l ) for passage prior to digestion using the following equation:
Because mean values for a, b, and kd determined in the in situ study and the mean value for k, determined in the in vivo study for each diet were used for the estimation of digestibility, no statistics were performed. CLevel of significance: **P < .01.
hay; F vs H = high-moisture vs hay; E vs L = early-cut vs late-cut.
Results and Discussion
Diet Composition. Chemical composition of the forages fed to wethers is reported in Table 1 . Lower ( P < .01) NDF, ADF, and lignin and greater ( P < .01) CP percentages were observed in early-cut than in latecut forages. These values are indicative of the higher quality of the forage cut earlier. Although dried diets were from the same sward as high-moisture frozen forage, percentages of CP, NDF, ADF, and ADL were greater ( P < .01) in hay than in frozen forages. These differences in chemical composition may be due to differences in preservation method. Post-harvest respiration and associated DM losses would tend to concentrate these nutrients in hay. Plant respiration is believed to continue after cutting until moisture contents of 38 to 40% are reached, and can result in DM losses (primarily non-structural carbohydrates) ranging from 2 to 16% (Robertson, 1983 Intake and Digestibility. Intakes of DM, fiber components, and CP are reported in Table 2 . Wethers consumed more ( P < .05) DM from dry than from high-moisture diets. Intake of DM was greater ( P < .05) for wethers fed early-cut forages than for those fed late-cut forages when compared on a metabolic weight basis. Grant et al. (1974) reported lower ( P < .01) DM intake (percentage of body weight) for fresh vs wilted forage. Arnold (1962) and Minson (1966) observed that voluntary intake of sheep was restricted when the DM content of pasture was less than 25%. Dry matter intake (gramskilogram BW.75) was decreased 12% for high-moisture compared with the hay; F vs H = high-moisture vs hay; E vs L = early-cut vs late-cut.
> .lo, * P < .05, **P < .01. dry forages. Although intake seemed to be decreased t o the greatest extent for late-cut, high-moisture forage compared with the other treatments, the forage maturity x moisture level interaction was not significant ( P = .35).
MOISTURE CONTENT O F FORAGE DIETS
Amounts of NDF and ADF consumed from hay were greater ( P < .05) than amounts consumed from frozen forage. Intakes of CP were greater ( P < . 0 5 ) for dry diets and early-cut forages than for frozen and late-cut forages. Increased intake of nutrients from dry diets is due to an increase in total DM intake and to greater percentages of NDF, ADF, and CP in these forages. Digestibilities of DM, NDF, and ADF were greater ( P < .05) for hay diets than for the high-moisture frozen forage (Table 3 ) . Crude protein digestibility tended ( P = .20) to be greater for hay diets than for frozen forage diets. No significant ( P = ,301 forage maturity x moisture content interactions were observed for intake or digestibilities.
Rate of Passage and Retention Times. Particulate mean retention times, passage rates, and intestinal transit times are summarized in Table 4 . Early-cut forage and frozen forage diets had greater ( P < .05) particulate passage rates and, consequently, shorter ( P < .05) mean retention times ( MRT) than hay and late-cut forage diets. The early-cut frozen forage had a numerically faster passage rate than other treatments; however, the forage maturity x moisture content interaction was not significant ( P = .24). The intestinal transit time was greater ( P < . l o ) for dry diets than for high-moisture forage. Increased ( P < .05) rate of passage may explain the decreased DM digestibilities observed for the high-moisture forages compared to the hays (Table 3 ) . Junkins (19811, using continuous culture fermenters, observed OM digestibilities of 75.9 and 60.7% at 24 h and 14-h solid retention times, respectively. Thus, a change in DM digestibility of the magnitude observed in the current experiment as a consequence of differences in retention time is a realistic expectation.
Passage of Nylon Particles Through the Alimentary
Tract. The fractional passage rates for 1-mm nylon particles with SG of .90, 1.14, and 1.32 are reported in Table 5 . Wethers fed high-moisture forage had a greater ( P < .lo) fractional rate of passage of nylon particles than those fed hay diets. An effect ( P < . O l ) of SG on the rate of passage was also noted. Much slower ( P < .01) rates of passage were observed for aAbbreviations: EF, LF = early-cut and late-cut, high-moisture forage; EH, LH = early-cut and late-cut bFour observations per mean.
CSignificant SG effect ( P < .01, SEM = ,001). dLevel of significance: tP < .lo, "P < .05.
hay; F vs H = high-moisture vs hay; M x T = moisture level x time of cutting interaction.
lighter particles (SG .go), followed by apparently increasing rates for 1.14 and 1.32 SG particles. A moisture level x time of harvesting effect ( P < .lo)
was observed for rate of passage of the .90 SG particles, and wethers fed the early-cut, high-moisture forage had a faster passage of these particles. When considering fractional rate of passage of all nylon particles, no SG x treatment interaction ( P > .lo) was evident; hence, both light and heavy particles moved faster as the particulate passage rate of the diet increased. The early-cut, high-moisture forage had numerically faster passage rates for all nylon particles, which reflected the same trend as fractional passage rate of the digesta. Feeding hay (90% DM) and reconstituted hay (37% DM) to steers, Nee1 et al.
( 1993) noted a positive relationship between functional SG of the ruminal digesta and moisture content of the diet. These results suggest that the mean SG of the digesta may be an important variable in influencing retention of a particle. Consequently, decreasing the mean SG of the ruminal digesta, perhaps by feeding a small portion of a dry, high-fiber forage while feeding a high-moisture forage, may alter retention time of all particles and increase digestibility without decreasing intake in a practical feeding situation. In support of this contention, supplementing hay of medium quality t o yearling cattle on highmoisture, high-quality ryegrass pastures was found by Bransby (1994) to increase ADG compared with feeding ryegrass alone. This response was attributed to improved utilization of the diet by the cattle.
Nitrogen Utilization. The N intake ( P < .lo) and N retention (grams/day and percentage of N absorbed) values were greater ( P e .O 1) in wethers fed hay diets (Table 6) , whereas urinary N excretion was greater ( P < .05) for wethers fed high-moisture forage. Wethers fed early-cut forages had greater ( P < .01) N intake, fecal and urinary N output, and N retention aAbbreviations: EF, LF = early-cut and late-cut, high-moisture forage; EH, LH = early-cut and late-cut hay; F vs H = high-moisture vs hay.
bFour observations per mean.
CLevel of significance: 'P c .lo, *P < .05, **P < .01. CLevel of significance: *P < .05, **P < .01.
dDigestible portion = 100 -undigestible residue. eDM disappeared during washing. fPotentially digestible = digestible portion -washout.
hay. F vs H = high-moisture vs hay; E vs L = early-cut vs late-cut.
than those fed late-cut forages. This experiment showed that drying herbage can have marked effects on N utilization. Kohn and Allen (1992) observed less phosphate buffer-soluble CP in frozen forage than in fresh forage. According to MacRae (19701, freezing of vegetative material and food is associated with precipitation of protein. However, compared with fresh forage, protein in dried forages is usually more resistant to microbial degradation within the rumen and a smaller proportion of the forage CP is lost as ammonia than with fresh forage, especially in CP-rich forages (Minson, 19901 , such as the ones used in this experiment .
In young grasses, a substantial proportion of N is in the form of nonprotein N (Mangan, 1982) . Protein concentrations of greater than 20% of DM will result in increased ruminal ammonia (NH3N) concentrations (Beever and Siddons, 1986; Van Vuuren et al., 1986) and N losses via the urine (Van Vuuren and Meijis, 1987) . These results suggest that the higher urinary N losses for the early-harvested, high-moisture forage compared to the late-harvested and hay forages could be indicative of ruminal NH3N concentrations.
Rate and Extent of Dry Matter Disappearance.
Findings of the in situ digestion study are reported in Table 7 . There were no differences ( P = .67) among forage diets in DM digestion rate. This suggests that differences in in vivo digestibilities among forages may be due to differences in passage rate. However, lag phase was greater ( P < . O l ) in hay diets than in frozen forage diets. Absence of a lag phase for the high-moisture diets would compensate to a certain extent for lower digestibility due to increased passage rate. Indigestible DM values were greater ( P < . O l ) in late-than in early-cut forages; consequently, potentially digestible values were greater in early-cut forages.
Estimated Dry Matter Digestibility. Estimated digestibility calculated using in situ and rate of passage measurements is reported in Table 7 . Lag time of 0 was used for frozen forages. The hay diets had lower predicted DM digestibility values than observed in the in vivo experiment. This prediction of DM digestibility did not substantiate our postulation that passage rate was responsible for the differences in in vivo digestibilities between the dry and high-moisture forages. Neither did these determinations accurately predict in vivo digestibilities for the hay diets. Numerous factors could contribute to problems with this methodology, among which are possible differences between in vivo and in situ digestion rates and the fact that Yb-labeled hay was used as a marker for both wet and dry diets.
Summary and Conclusion
Decreased in vivo DM digestibilities (Table 3 ) for the high-moisture compared with the dry forages are in agreement with the studies of Grant et al. (1974) and Arnold (1962) . Results presented in Table 4 suggest that the decrease in DM digestibility for wet forage is due to its increased rate of passage. The lack of a SG x treatment interaction for passage rate of the nylon particles indicated that even the passage rate of light particles (SG = .90) was enhanced on highmoisture compared with dry forage. Thus, a physiological change in ruminal function (perhaps increased motility) was responsible for the increased passage for the high-moisture forages.
It normally would be expected that an increased rate of passage would be related to an increased intake of forage diets (Thornton and Minson, 1973; Grovum and Williams, 1977) . When comparing lateto early-harvested forages, this relationship was evident. The wethers offered the late-harvest forage water and the provision of supplementary forage on the intake consumed less ( P e .05) DM (gramskilogram BW.7g) and had a longer mean retention time (Table 4) than did those that consumed the earlier-harvested forages. However, high-moisture forage exhibited a faster passage (Table 4 ) and decreased intake compared with dry forage. None of the variables measured in the present experience could explain this decreased intake for wet forages. Factors associated with ruminal fermentation of the high-moisture forages such as increased ruminal VF'A or NH3N concentrations might be related to the decreased intake (NRC, 1987) .
Results from the in situ experience ( Table 7 ) indicate similar digestion rates between the high-moisture and dry forages. If one considers the faster ruminal passage for wet forages, ruminal VFA concentrations would most likely be less than those for dry forages, assuming absorption across the rumen wall is similar.
This suggests that ruminal VFA concentrations are perhaps unlikely to directly limit intake for the wet forages in this study. However, if the greater urinary N levels for the high-moisture forages are indicative of greater ruminal NH3N, then this variable may be a possible inhibitor of intake on the high-moisture diets.
Implications
High-moisture spring forages were consumed in lesser quantities by wethers and were less digestible than hay made from the same sward. This effect was possibly due to a faster rate of passage of highmoisture forages compared to hay. Digestion and utilization of these forages might be enhanced by slowing ruminal passage by means of supplementation with dry forages in early spring. It may be possible to obtain improved animal performance on early-spring forage. This enhanced performance would be consistent with chemical composition and in situ digestion characteristics observed for high-moisture forages.
